Glutamate-evoked Na ؉ increase in astrocytes has been identified as a signal coupling synaptic activity to glucose consumption. Astrocytes participate in multicellular signaling by transmitting intercellular Ca 2؉ waves. Here we show that intercellular Na ؉ waves are also evoked by activation of single cultured cortical mouse astrocytes in parallel with Ca 2؉ waves; however, there are spatial and temporal differences. Indeed, maneuvers that inhibit Ca 2؉ waves also inhibit Na ؉ waves; however, inhibition of the Na ؉ ͞glutamate cotransporters or enzymatic degradation of extracellular glutamate selectively inhibit the Na ؉ wave. Thus, glutamate released by a Ca 2؉ wave-dependent mechanism is taken up by the Na ؉ ͞glutamate cotransporters, resulting in a regenerative propagation of cytosolic Na ؉ increases. The Na ؉ wave gives rise to a spatially correlated increase in glucose uptake, which is prevented by glutamate transporter inhibition. Therefore, astrocytes appear to function as a network for concerted neurometabolic coupling through the generation of intercellular Na ؉ and metabolic waves.
G
lutamate, released in the synaptic cleft during neuronal activity, is rapidly removed by surrounding astrocytes (1) . One of the roles of glutamate clearance by astrocytes is to trigger a cascade of molecular mechanisms that provides metabolic substrates to neurons (2) . Glutamate is cotransported with three Na ϩ ions by excitatory amino acid transporters expressed in astrocytes (3, 4) , inducing an intracellular Na ϩ (Na i ϩ ) elevation. This Na i ϩ elevation results in an activation of the Na ϩ ͞K ϩ -ATPase, causing an increased energy demand in astrocytes (5, 6) , which in turn enhances cellular glucose utilization and glycolysis (7) . Lactate, the end-product of glycolysis, is released by astrocytes and could serve as metabolic substrate for neurons in conjunction with glucose (2) .
Astrocytes can also release glutamate in response to neuroactive agents such as prostaglandins (8) , ATP (9) , bradykinin (10) , or glutamate itself (11) . Several release mechanisms have been identified such as release through swelling-activated anion channels (12) , P2X 7 channels (13), or hemichannels (14) . Growing evidence suggests that astrocytic glutamate release is mediated by intracellular Ca 2ϩ (Ca i 2ϩ )-dependent vesicular exocytosis (8, 10, 15, 16) .
Astrocytes can communicate with each other by the propagation of Ca i 2ϩ elevation (17) . These so-called Ca 2ϩ waves have been extensively described in primary cell culture and brain slices (18) . The release of ATP by astrocytes appears to be the main signaling mechanism of the Ca i 2ϩ wave (19, 20) . After diffusion into the extracellular space, ATP binds to purinoceptors of neighboring astrocytes inducing inositol 1,4,5-triphosphate (IP 3 )-mediated mobilization of Ca 2ϩ from internal stores. Glutamate is released in association with Ca 2ϩ waves (21), but does not appear to have a primary role in the propagation of the wave itself (22) . Gap junctions also play a role in the transmission mechanism by the diffusion of IP 3 from cytosol to cytosol (17) . The function of astrocytic Ca 2ϩ waves is unclear and could represent a form of multicellular, bidirectional communication with neurons (23) (24) (25) or microarterioles (26) .
In this study, we unveiled a role of Na i ϩ and glutamate as mediators of a concerted multicellular metabolic response, through the generation of intercellular Na ϩ waves and of spatially correlated enhanced glucose utilization.
Materials and Methods
Cell Culture. Cortical astrocytes in primary culture were obtained from 1-to 3-day-old OF1 mice as described (5) . Cells were grown for 2-5 weeks on glass coverslips in DME medium supplemented with 10% FCS.
Na i
؉ and Ca i 2؉ Imaging. Na i ϩ was measured by using the Na ϩ -sensitive fluorescent probe sodium-binding benzofuran isophthalate (SBFI) (Teflabs, Austin, TX), and Ca i 2ϩ was measured by using the Ca 2ϩ -sensitive fluorescent probe Fluo-4 (Teflabs). Fluorescence was sequentially excited at 340 and 380 nm for SBFI, and at 490 nm for Fluo-4. Emitted fluorescence was detected through a 520-nm (40-nm bandwidth) filter (Omega Optical). Unless specified, experiments were carried out with astrocytes loaded at 37°C with 15 M SBFI-acetoxymethyl ester (AM) and 6 M Fluo-4-AM in a Hepes-buffered solution (see below). Cells were then mounted in an open perfusion chamber (Warner Instrument, Hamden, CT) at room temperature or at 37°C as indicated.
Experiments were performed on the stage of an inverted epifluorescence microscope (Nikon) and observed through a 20ϫ 0.8 numerical aperture (NA) glycerol-immersion or a 40ϫ 1.3 NA oil-immersion objective lens (Nikon). Fluorescence excitation wavelengths were selected by using a fast filter wheel (Sutter Instruments) fed to the microscope by a liquid light guide. Fluorescence was detected by using a Gen IIIϩ intensified charge-coupled device (CCD) Camera (VideoScope International, Washington, DC). Acquisition and digitization of images as well as time series was computer controlled by using METAF LUOR software (Universal Imaging). Images were recorded without video frame averaging, allowing Na ϩ plus Ca 2ϩ monitoring (i.e., acquisition of three images) at 0.7 Hz.
When indicated, at the end of the experiment, a Na i ϩ calibration was performed as described (5) by permeabilizing cells for monovalent cations using 6 g͞ml gramicidin and 10 M monensin with simultaneous inhibition of the Na ϩ ͞K ϩ ATPase using 1 mM ouabain. Cells were then sequentially perfused with standard solutions containing 0, 5, 10, 20, 50, and 100 mM Na ϩ . A calibration curve was computed for each selected cell and used to convert fluorescence ratio values into Na ϩ concentrations.
Experimental solutions (pH 7. and Na i ϩ to basal level, test compounds or enzymes were introduced by superfusion. Unless specified, after a 3-min incubation with the test compound, a second stimulation of the same cells was performed.
Wave Speed Measurement. Image sequences were analyzed by using METAMORPH software (Universal Imaging) to measure the propagation speed of the Na ϩ and Ca 2ϩ waves. SBFI fluorescence excitation ratios (F 340 nm ͞F 380 nm ) were computed for each pixel to produce ratio-images that were proportional with Na i ϩ . Fluo-4 and SBFI image stacks were built separately for the first 30 time points after the stimulation. Then, a 20 ϫ 20 pixel median filter was applied on every third pixel of all images of this stack, and an initial reference image was subtracted. Both stacks were finally thresholded and binarized. The pixel number in binary masks corresponding to areas of increased Na i ϩ or Ca i 2ϩ was measured over time and approximated to a circular area for each time point. The speed of wave propagation (m͞sec) was calculated from the rate of radius change.
Imaging of Glucose Uptake. After acquisition of a background image, the fluorescent glucose analogue 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBD-glucose) (500 M) was added to the experimental solution. Electrical stimulation was then immediately performed as described above and, after a 2-min delay, 2-NBD-glucose was rapidly washed out and images of the cell monolayer were captured. Fluorescence of 2-NBD-glucose and of background was excited at 490 nm and observed through a 520-nm (40-nm bandwidth) filter.
Data and Statistics. Data are presented as means Ϯ SEM. A paired Student t test was performed to assess the statistical significance of results with P Ͻ 0.05 considered as significant. The number n represents independent experiments performed on different coverslips.
Materials. Threo-␤-benzyloxyaspartate (TBOA) and suramin hexasodium salt were from Tocris-Anawa Trading (Zurich), The red arrows indicate that, at this distance, Na i ϩ increases are no longer synchronous (n ϭ 6 experiments).
1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate -BAPTA)-AM, 2-NBD-glucose, and Pluronic F-127 were from Molecular Probes, and all other compounds and enzymes were from Sigma.
Results

Na i
؉ Wave. Na i ϩ was monitored microspectrofluorimetrically by using the Na ϩ -sensitive fluorescent probe SBFI loaded in astrocytes. Both mechanical and electrical stimulation of a single cultured astrocyte induced an intracellular Na ϩ elevation in the stimulated cell that spread to the surrounding cells (Fig. 1A) . In a given direction, the Na i ϩ increases propagate as a wave (Fig.  1B) . The extent of wave spreading appeared to depend on the strength of stimulation. The Na ϩ wave front had a radial propagation immediately after stimulation (Fig. 1C) . Interestingly, farther away from the stimulated cells, the wave did not spread in all directions with the same speed (Fig. 1D) . Na ؉ and Ca 2؉ Waves. The Na ϩ waves described above are reminiscent of the Ca 2ϩ waves in astrocytes reported earlier by several groups (17) . To investigate whether these two types of waves could coexist, a method was developed to simultaneously monitor Na i ϩ and Ca i 2ϩ by using the fluorescent probes SBFI and Fluo-4, respectively. Both a Ca 2ϩ and a Na ϩ wave were simultaneously observed after mechanical stimulation (data not shown) or electrical stimulation ( Fig. 2 and see Movie 1, which is published as supporting information on the PNAS web site). The kinetics of Na i ϩ and Ca i 2ϩ increase were found to be markedly different in the cells reached by the wave (Fig. 2B) . Moreover, during the first 4-8 sec, the initial Na ϩ wave speed was Ϸ40% slower than the Ca 2ϩ wave speed (Fig. 2C) .
Mechanism of Wave Transmission. Two consecutive electrical stimulations on the same astrocyte yielded reproducible Na ϩ and Ca 2ϩ wave speeds (Fig. 3) , confirming that cell integrity is maintained throughout the experiment. Therefore, in subsequent protocols, we could safely use the wave evoked by the first stimulation as the experimental control value. Numerous studies have supported a role for gap junctional coupling in intercellular Ca 2ϩ signaling in astrocytes. However, octanol and carbenoxolone, two compounds known to block gap junctions in astrocytes (17, 27) , had a modest (if any) inhibitory effect on Ca 2ϩ wave propagation, but a 40-45% reduction of the Na ϩ wave (Fig.  3) . ATP has been identified as a primary extracellular messenger involved in the transmission of Ca 2ϩ waves (19, 20, 28) . We found that both Ca 2ϩ and Na ϩ waves were inhibited by Ͼ70% by the P 2 Y 1-2 purinergic receptor antagonist suramin (100 M) (Fig. 3) , confirming the involvement of ATP. Chelating Ca i 2ϩ with BAPTA has been reported to inhibit Ca and Na ϩ waves (Fig. 3 ) to 86% and 89% of the control values, respectively. It has been described that astrocytes release glutamate in association with Ca 2ϩ waves (21); however, the released glutamate does not appear to play a primary role in the propagation of the Ca 2ϩ waves themselves (22) . Glutamate is also avidly taken up by astrocytes with three Na ϩ ions, resulting in an increase of the astrocytic Na i ϩ concentration (5). Fig. 3 shows that application of the glutamate transporter inhibitor TBOA (500 M) resulted in a strong (Ϸ70%) inhibition of the Na ϩ wave, which was fully reversible (data not shown), without significantly affecting the Ca 2ϩ wave. To confirm the involvement of glutamate in the generation of the Na ϩ wave, Lglutamate oxidase was added to the extracellular medium to oxidize the released glutamate to 2-oxoglutarate. The Na ϩ wave speed was inhibited by 50% in the presence of extracellular glutamate oxidase without slowing down the Ca 2ϩ wave (Fig. 3) . Another enzyme, glutamate decarboxylase, applied under the same conditions, had a similar effect as glutamate oxidase. These results demonstrate that glutamate release and its subsequent Na ϩ -dependent uptake mediate the regenerative propagation of the Na ϩ wave.
Metabolic Consequences of the Na ؉ Wave. Because glutamateevoked Na i ϩ increase has been shown to increase the energy demands in astrocytes and mediate the metabolic response of astrocytes (5) in response to synaptic activity (3), we investigated whether Na ϩ waves would affect glucose metabolism. To this aim, electrical stimulations of astrocytes were performed under the same conditions as those described above in the presence of the fluorescent glucose analogue 2-NBD-glucose, which was used as a tracer to evaluate the spatial distribution of glucose uptake. This fluorescent glucose analogue has been shown to undergo rapid transport in astrocytes, which was enhanced by the presence of glutamate (29) . Fig. 4 shows that stimulations that evoke Na ϩ and Ca 2ϩ waves increased cellular 2-NBD-glucose in a circular region around the stimulated cell. Remarkably, the pattern of spatial spreading of 2-NBD-glucose closely follows that of Na i ϩ spreading, measured in separate experiments and represented on the same graph. It should be noted that, under these conditions, the stimulated cell responded with a Na i ϩ increase of 64.2 Ϯ 11.2 mM from a resting Na i ϩ value of 6.6 Ϯ 0.7 mM, whereas the amplitude of Na i ϩ response in cells reached by the wave decreased monotonically along the propagation axes reaching 4.6 Ϯ 1.1 mM at a distance of 213 m away from the wave origin (Fig. 4 A, C, and D) . To verify that the increased 2-NBD-glucose uptake was indeed caused by the glutamatemediated Na ϩ wave, we repeated the experiment in the presence of the glutamate transporter inhibitor TBOA (500 M). Under these conditions, where the Na ϩ waves are selectively inhibited, only basal 2-NBD-glucose uptake could be observed (Fig. 4 B  and E) . These experiments demonstrate that the Na ϩ waves bring about a wave of increased glucose uptake with tight spatial correlation.
Discussion
Glutamate-evoked Na ϩ uptake in astrocytes and the resulting activation of the Na ϩ ͞K ϩ -ATPase have been identified as a signal coupling excitatory neuronal activity to increased glucose utilization (5, 7) . In addition, astrocytes have the ability of transmitting Ca i 2ϩ elevations from cell to cell (17) . These socalled Ca 2ϩ waves have revealed that astrocytes are active participants in multicellular signaling in the central nervous system. In this study, we show that astrocytes can also generate intercellular Na ϩ waves through a mechanism involving glutamate as a key mediator in addition to ATP, Ca i 2ϩ , and gap junctions. The Na ϩ wave described here mediates the spreading of the cellular metabolic responses within groups of astrocytes. This observation has important implications for brain imaging techniques based on deoxyglucose uptake as an index of glucose utilization.
An intercellular Na ϩ wave could be evoked by both electrical and mechanical stimulation in cultured mouse astrocytes. Pharmacological data indicate that the release of both ATP and glutamate are primarily responsible for the transmission mechanism as well as, to a lesser extent, gap junctions, inasmuch as Na i ϩ can equilibrate among astrocytes through gap junctions (30) . The Na ϩ waves were found to coexist with Ca 2ϩ waves. The propagation speed of the Ca 2ϩ waves observed here are comparable to those previously reported for astrocytes, with values ranging from 5 to 30 m͞s (17). The kinetics of the initial phase of the Ca 2ϩ wave (23.9 Ϯ 2.7 m͞s) and Na ϩ wave (14.4 Ϯ 2.7 m͞s) were markedly different, as was the kinetics of single cell ion concentration changes (Fig. 4) , excluding a crosstalk between the Na ϩ and Ca 2ϩ signals. Although these lines of evidence demonstrate that Na ϩ and Ca 2ϩ waves are distinct cellular phenomena, we evaluated the nature of their relationship. Whereas the kinetics of Na ϩ and Ca 2ϩ responses are markedly different, inhibiting purinoceptors or chelating Ca i 2ϩ have similar inhibitory effects on both waves. Therefore, one could argue that Ca 2ϩ and Na ϩ share the same transmission mechanism, and that the Na i ϩ elevation is mainly due to the Na ϩ ͞Ca 2ϩ exchanger. This hypothesis is unlikely because a Ca i 2ϩ elevation is not accompanied by a significant Na i ϩ elevation as shown by the application of the ␣-adrenergic agonist phenylephrine, and because ATP does not induce a direct intracellular Na ϩ increase in astrocytes (data not shown). Furthermore, the fact that application of the Na ϩ ͞glutamate transporter inhibitor TBOA resulted in a strong inhibition of the Na ϩ wave without significantly affecting the Ca 2ϩ wave excludes the Na ϩ ͞Ca 2ϩ exchanger as the main mediator of Na ϩ waves. However, our data show that Na ϩ waves require at some level an ATP-evoked intracellular Ca 2ϩ elevation. The waves triggered by two consecutive stimulations were not significantly different (2nd stim) (n ϭ 9 experiments). Blocking gap junctions with 500 M octanol (n ϭ 8 experiments) or 20 M carbenoxolone (CBX, n ϭ 6 experiments) had a modest, if any, effect on the Ca 2ϩ wave speed, but a more pronounced effect on the Na ϩ wave. Both Ca 2ϩ and Na ϩ waves were inhibited up to 70% by the purinergic receptor antagonist suramin (100 M, n ϭ 6 experiments). Chelating intracellular Ca 2ϩ by treatment with 50 M BAPTA-AM massively inhibited both waves (n ϭ 6 experiments). Application of the glutamate transporter inhibitor TBOA (500 M) resulted in a strong inhibition of the Na ϩ wave. By contrast, the Ca 2ϩ wave was not influenced by the presence of TBOA (n ϭ 7 experiments). Na ϩ waves were Ϸ50% reduced by application of either glutamate oxidase (GLOD; 1 unit͞ml) in the extracellular medium (n ϭ 6 experiments) or glutamate decarboxylase (GAD; 40 units͞ml) (n ϭ 6 experiments). Ca 2ϩ waves were not influenced by either GLOD or GAD. Data are means Ϯ SEM ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). n.s., Not significant.
Because Ca 2ϩ
elevations have been shown to trigger the release of glutamate in astrocytes (8, 15 , 16), we tested whether glutamate could be the element that links our observations. Indeed, the fact that inhibiting Na ϩ ͞glutamate transporter selectively blocked the Na ϩ wave indicated that extracellular glutamate was involved in its mechanism of transmission. This conclusion was supported by the fact that extracellular glutamate degradation, using specific enzymes, also selectively inhibited the Na ϩ wave without affecting the Ca 2ϩ wave. The observation that each maneuver that inhibited the Ca 2ϩ wave also inhibited the Na ϩ wave in a equivalent manner can be explained by the fact that glutamate release is triggered by Ca i 2ϩ elevations (8, 15) ; it also implies that the Na ϩ wave is ''driven'' by the Ca 2ϩ wave. The data presented here support the following transmission mechanism for the two waves (Fig. 5) : mechanical or electrical stimuli induce Ca 2ϩ release from the intracellular stores in the stimulated cell as described previously. Ca i 2ϩ elevation is followed by the release of ATP, by a possibly Ca 2ϩ -independent mechanism (28) , and by the release of glutamate in the extracellular space. Extracellular ATP then binds to purinoceptors on neighboring astrocytes, which induce a Ca i 2ϩ response and participate in the propagation of the Ca 2ϩ signals in addition to inositol 1,4,5-triphosphate (IP 3 ) (17) . In parallel, the released glutamate is taken up by Na ϩ ͞glutamate cotransporters, resulting in Na i ϩ increases. Na ϩ has also the ability to diffuse through gap junctions (30) and participate in the Na ϩ wave extension. In essence, it appears that glutamate release͞reuptake sustains the regenerative propagation mechanism of the Na ϩ signal, whereas gap junctions mediate the passive spreading of the Na ϩ signal.
The Na i ϩ concentration in the cells adjacent to the stimulated one reaches 41.1 Ϯ 6.5 mM and decreases monotonically along the propagation axes of the wave to a value of 10.8 Ϯ 4.1 mM at a distance of 165 m from the stimulated cell. Our laboratory has shown that the amplitude of Na ϩ rise is proportional to the (17) . In parallel, the released glutamate is taken up by Na ϩ ͞glutamate cotransporters, resulting in Na i ϩ increases. Na ϩ has also the ability to diffuse through gap junctions and participate in the Na ϩ wave extension. The Na i ϩ elevation is sufficient to enhance Na ϩ ͞K ϩ -ATPase activity and, therefore, glucose consumption in astrocytes implicated by the wave.
extracellular concentration of glutamate, reaching maximal values of 30-40 mM (5) . In addition, an extracellular glutamate concentration of 10 M, inducing an Na i ϩ elevation of Ϸ8 mM, already markedly increases the energy demands of the astrocytes by activating the Na ϩ ͞K ϩ ATPase (5, 6). Therefore, the Na i ϩ elevation should be sufficient to enhance Na ϩ ͞K ϩ -ATPase activity up to 165 m away from the stimulated cell, and consequently glucose consumption in the astrocytes implicated by the wave. Indeed, we showed that there was a quasi-perfect match between the spread of the Na ϩ wave and the pattern of increased 2-NBD-glucose uptake, which was increased compared to basal uptake Ͼ100 m from the initiation site. Therefore, we can propose that the Na ϩ wave could serve to mediate the spreading of the cellular metabolic response within groups of astrocytes and confirm the role of Na i ϩ as a second messenger in the neurometabolic coupling (5-7).
Glutamate released during synaptic transmission is taken up by astrocytes but can also initiate the emergence of a Ca 2ϩ wave as described (31) . We found that local photoactivation of caged glutamate was able to evoke a propagating Ca 2ϩ response in cultured astrocytes (data not shown). However, in the experiments presented here, mechanical and electrical stimulations were preferred to exclude the exogenously applied glutamate's stimulation of other, neighboring cells by diffusion, therefore potentially masking glutamate actively released by cells, as discussed by others (31, 32) . Although Ca 2ϩ signals can mediate the astrocytic control of brain microcirculation, allowing astrocytes to participate in neurovascular coupling (26) , the physiological role of Ca 2ϩ waves is unclear. We propose here that Ca 2ϩ waves, through the concomitant glutamate release and generation of Na ϩ waves, send a metabolic signal in register to synaptic activity and provide energy substrates, e.g., under the form of lactate, to neurons at a significant distance from the activated synapse. One could also envisage that inhibitory synapses more distant from the glutamate release sites could be fed through the astrocytic network, considering the fact that the inhibitory neurotransmitter ␥-aminobutyric acid (GABA) (also taken up by Na ϩ -dependent transporters into astrocytes) does not couple inhibitory neuronal activity with glucose utilization (6) . In addition, the existence of Na ϩ waves, demonstrated in this study, may have implications for brain imaging techniques based on glucose consumption such as positron emission tomography (PET). Even though the current resolution of 2-18 FDG PET imaging is limited by the scanner resolution to 3-5 mm (33), our data may contribute to the interpretation of such signals and could indicate that the metabolic response to local synaptic activity probably extends to a larger spatial domain than initially thought.
